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Single-Chip Integrated Electro-Optic Polymer
Photonic RF Phase Shifter Array

Jeehoon Han, Senior Member, IEEE, Byoung-Joon Seo, SeongKu Kim, Hua Zhang, and Harold R. Fetterman

Abstract-This paper demonstrates a four-element integrated Optical SSB Modulator
photonic radio-frequency (RF) phase shifter array in a single chip [-
with an advanced configuration. These devices are integrated using
electrooptic polymer materials and involve several novel technolo- VFsinoRFt VRF COSORFt + Vrn:

gies. Measurements of this configuration showed that our four out-
puts were independent and had highly linear RF phases over 3600
with negligible RF power fluctuation at the modulation frequency Optical Optical
of 20 GHz. This significant improvement is capable of removing Input
one of the major problems in using this type of phase shifter archi-
tecture. eint- - -

Index Terms-Beam-forming systems, optical single sideband
(SSB) modulators, phased array antenna, photonic radio-fre- vct

quency (RF) phase shifters. DC Balance DC Control

Optical Phase Modulator
I. INTRODUCTION

Fig. 1. Schematic diagram representing the balanced photonic RF phaseP HASED array antennas using photonic radio-frequency shifter with a balancing arm. ce represents the optical power-splitting ratio at

(RF) phase shifters hold great promise for advanced the balancing arm.

wireless communications and radar applications due to their
many advantages such as simple implementation, optical operation. Also, we discuss the new generation of phase-shifter
distribution capability, low cost, light weight, and small size architecture using a multimode interference (MMI) structure to
[1]-[6]. They can control multiple RF phases using dc voltages further reduce the complexity.
and feed the independent phase outputs into an antenna array to
perform rapid and continuous beam-forming functions. Among II. ADVANCED PHOTONIC RF PHASE-SHIFTER DESIGN
the possible phase shifter architectures, the one described The architecture described in [1], which is analogous to the
in [1] is the simplest and most flexible approach. In actual structure shown in Fig. 1 except for the balancing arm, con-
implementation, one can integrate multiple phase shifters in a sists of a single-sideband (SSB) modulator on one arm of a
single chip providing multiple independent phase outputs. Such Mach-Zehnder (MZ) and an optical phase modulator on the
a phase shifter array can significantly reduce the complexity other arm. The SSB modulator unit generates a carrier at S2 and
of RF distribution structures fed by a single RF and optical a sideband at S2 + WRFF. On the other arm of the MZ, the control
source. In contrast to microwave monolithic integrated circuit dc bias VCont is applied to the optical phase modulator to induce
systems, the frequency bandwidth of these devices is very wide a phase-shifted optical carrier at f?. Finally, the mixing of these
and effectively covers from dc to over 50 GHz. Also, it allows signals in a photodiode gives rise to the RF signal at WRF with
continuous beam-forming without limitation on the number of a variable phase controlled by VCont.
beam angles. This design of the phase shifter, however, suffers The calculated RF phase and power characteristics are shown
from a lack of phase shift linearity and a substantial amount of in Figs. 2 and 3 as a function of control voltage at a modulation
power variation as the phase is tuned. depth of 0.5. The phase of the RF signal can be controlled by

Having recognized the requirements for practical usage, we changes in control voltage VCont and varies almost linearly up
present an advanced configuration for a four-element photonic to 140'. However, it starts exhibiting a lack of linearity as the
RF phase shifter array. For these devices, our recently developed control voltage is tuned over 2V,. A maximum RF phase devi-
polymer materials and advanced fabrication technologies en- ation of approximately 500 from the ideal linear characteristic
abled flexible design and integration as well as broad bandwidth is observed. In addition, the RF power exhibits fluctuation of

approximately 15 dB as the control voltage is tuned over 2V,.
Manuscript received March 18, 2003; revised July 29, 2003. This work was For most practical applications, a wide range of linear phase

supported in part by AFOSR and DARPA. shifting is required and the RF power fluctuation is very unde-
J. Han, B.-J. Seo, S. Kim, and H. R. Fetterman are with the Electrical En-

gineering Department, University of California, Los Angeles, CA 90095 USA sirable. Most of the detrimental effects are caused by the pres-
(e-mail: hoon@ee.ucla.edu). ence of the carrier signal from the SSB modulator unit [4]. This

H. Zhang was with Pacific Wave Industries, Los Angeles, CA 90024 USA. carrier signal is added to another phase shifted carrier signal at
He is now with the Electrical Engineering Department, University of California, the same frequency 32 and mixed with the sideband in the pho-
Los Angeles, CA 90095 USA.
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- with balancing arm (donJ(A)/210) of If the input optical signal with unit magnitude at a frequency

350 - - with balancing arm (a=) .. of 2 is Eil (t) = eiot, the output optical field and the resulting
0 .... without balancing arm .. intensity at the modulation frequency WRF can be expressed as

300-t [eiAsin(wnu t)

250" Ee(t) = 4(1 + a) t + eiA cos(wnr)+i

25 +2aeid'kB. + 2(1 + a)ei0°oot (1)

15 "(t) = C.)2 ARF. J (A) COSs(WRFt + ýPRF) (2)

100 • where

50........ *... ARE ={[Jo(A)+2a cos qOB i+2(1+a) cos ¢onltI 2

0 V. 2V2

Control Voltage [v] 1 [Jo(A) +2a sin BSl+ 2(1 +a) sin OCont 1

Fig. 2. The calculated RF phase characteristics as a function of control voltage

at a modulation depth of 0.5. Here V,• is the half-wave voltage, A = 7rVrF/V, is the modu-
lation depth, qcot = 7r • (Vco.t/V,) is the optical phase shift
by the control dc bias, hBal = 7r (VBt/Vr) is the optical phase
shift by the balancing dc bias, and a 2 is the optical power-split-

20- ting ratio at the balancing arm. The desired phase and magnitude
-5 with balancing arm (tz=o(A)/21 ) of the optical signal in the balancing arm are established by the

15 - - with balancing arm (al proper dc bias and splitting ratio, respectively.
-..... without balancing arm

10. The calculated RF phase and power characteristics of the
balanced structure are shown in Figs. 2 and 3 in comparison

, .. with the structure without the balancing arm. For the choice
of a = Jo(A)/v'-2 with 013.1 = 57r/4, the undesirable terms

0o -.. ... -.- 4 --,-, Jo(A) completely disappear (that is, the carrier signal is fully
"-5 suppressed in the SSB modulator) and the ideal characteristics

"A for the RF phase and power can be obtained such that
-10 .-.. . . .. . ... .

2-2 sin Co.nt] = Co,
-15- AF = const., VRF = tan 2 = cosCont

-20 ...... .................. ................ ....... ....................-.. 1 ................ ... .. ........ .. -.................................,............ .................... T h is indicates that the R F p ow er does not vary at all and the R F
VIt 2Vnt phase shift is highly linear with respect to the control dc voltage,

Control Voltage [v] which makes these devices very suitable for optically controlled
phase array antenna systems.

Fig. 3. The calculated RF power characteristics as a function of control voltage ass a sipe symm s p

at a modulation depth of 0.5 (normalized to each maximum power). Assuming a simple symmetric splitting at the balancing arm,
i.e., a = 1, with qaB = 57r/4, this system shows a maximum
phase deviation of less than 60 while maintaining the RF power

and power characteristics. This effect is even more pronounced fluctuation below 3 dB as the control voltage is tuned over 2V,.
as the modulation depth is decreased. Choosing higher modula- In this case, the carrier suppression in the SSB modulator is only
tion depth tends to diminish these effects. This operating con- partially accomplished since the balancing power is unequal to
dition, however, is unfavorable in that it requires a considerable the carrier signal from the SSB modulator unit. Nevertheless,
amount of RF source power and also generates harmonics and this significant improvement of nearly one order of magnitude
signal distortion. As a consequence, an alternative scheme with is capable of removing one of the major problems in using this
a reasonable modulation depth is required to extend the range type of phase shifter architecture.
of applications for these devices. It is favorable to integrate multiple phase shifters in a single

A simple solution has been developed to solve these prob- chip. This phase shifter array significantly reduces the com-
lems under small signal operation. If the carrier signal is fully plexity of RF feed structures and needs only a single RF and
suppressed in the SSB modulator, these unwanted effects could optical source. In a previous work, we have successfully demon-
be largely eliminated. Fig. 1 represents the schematic diagram strated a compact two-element photonic RF phase shifter as a
for the balanced photonic RF phase shifter. This architecture in- first step to development of an array of phase shifters [7]. This
serts an additional arm in the inner MZ, which is intended to basic concept now has been extended to the advanced design in
suppress the carrier signal in the SSB modulator so as to bal- conjunction with the balanced architecture. The four-element
ance the system. phase-shifter array incorporating the balanced design is shown
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Fig. 4. The schematic diagram for the four-element RF phase shifter array with
the balanced design. (a) (b)

Fig. 6. Comparison of two fabrication procedures in (a) typical rib structures
and (b) inverted rib structures.

Applied DC Control Voltage
+Vc -Va +Va -V4 +V: -Va +Va -Va

. ............ = 2V

Fig. 5. The balanced multiple output photonic RF phase shifter fabricated in
the APC-CPW polymer material.

S250-

in Fig. 4. The modulated optical output from the balanced SSB 200

modulator is split into four branches and combined with the four
outputs from the optical phase shifters. This signal distribution 150

in a planar chip was achieved through the use of low crosstalk .50
waveguide crossings and S-bend waveguide structures. The per-
formance of these devices could be severely impacted by that of
the optical waveguide crossings, and as such theywere carefully
implemented. 0

Fig. 5 shows the phase-shifter array in a single chip fabri- 0 50 100 150 200

cated using recently developed polymer materials and advanced time [ms]
polymer fabrication technologies. The device size of the phase
shifter with four outputs was 3.8 x 0.5 cm. For the simplicity of Fig. 7. The measured, RF phase from a single output.

the design, the splitting ratio of the balancing arm a was set to
be one. This guest-host system exhibits a high electrooptic coef- same wafer. The measured bending losses of the S-bend struc-
ficient, low material loss at 1.55 pm, and wide-band frequency tures were less than 0.2 dB. The measured excess optical loss
response over 100 GHz [8]. The single-mode (SM) ridge optical due to the crossing was less than 0.5 dB, and the optical wave-
waveguides were fabricated using the new inverted rib struc- guide crossings exhibited a crosstalk level of less than -28 dB.
tures as shown in Fig. 6. The key benefit of these inverted rib
structure is that it can eliminate damage problems of the core III. MEASURED P1ASESHIFTER PERFORMANCE
layer due to the photoresist solvents and etching processes [9].
This ultimately resulted in much simpler fabrication procedures The measured RF phase and power of a single element are
and lower propagation losses. Also the SM waveguide struc- shown in Figs. 7 and 8 at the modulation frequency of 20 GHz
tures were designed to provide the symmetric mode shape with and modulation depth of 0.58. The performance of our phase
a rib depth of 0.8 pm and waveguide width of 4 pm. A large op- shifter was measured using the experimental setup shown in
tical nonlinearity in the core region was then achieved through Fig. 9. Triggering the HP 8510 network analyzer with the
the electrode poling. The microstrip lines with a characteristic function generator allows the phase and power of the 20-GHz
impedance of 50 Q2 were vertically aligned to the optical waveg- signal to be monitored as a function of time synchronized to
uides in the interaction regions, giving a traveling-wave con- the triangular control voltage. The linear relationship between
figuration. For the minimum device length and insertion loss, voltage and time in the control triangular waveform enabled
raised-sine S-bend waveguide structures have been used in all a one-to-one mapping between the measured RF phase (or
the optical waveguide bending sections [10]. The test structures power) and the control dc voltages. Therefore, the control
for the S-bend and waveguide crossings were fabricated on the voltage changes by 2V, for a period of 25 ms.
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Fig. 9. The schematic diagram for the measurement setup.

0

For the control triangular waveforms of 2V.(-12V T lime [ms]
+12V), the RF phase was tuned by 360' with a high level
of linearity, and the RF power varied by less than 4 dB, as Fig. 11. The independently controlled four phase outputs introduced by the

expected from Figs. 2 and 3. Note that a single control of different triangular control voltages.

3600 of the RF phase shift corresponds to the half-cycle of
the voltage change in triangular waveforms in time domain triangular waveforms having different peak-to-peak voltages to
(25 ms). Accordingly, Figs. 7 and 8 represent eight times full each control arm (Fig. 11).
operation within 200 ms. This performance can be even further The new generation of phase shifter is currently being de-
improved by employing the design with the optional splitting veloped, which can even reduce the complexity and drift from
ratio of the balancing arm, as described before, applying additional de biases. Instead of using normal Y-junc-

These RF phase shifters should contain the most important tion splitting structures, two asymmetrical 1 -by-2 MMI couplers
feature that the RF phases of an array element are indepen- can be used in front of the SSB modulator and the balancing
dently controlled. In order to confirm this, four triangular wave- arm, as shown in Fig. 12. These couplers will have multiple out-
forms of 2V,, set by the equal time delays, were applied to the puts and controllable phases depending upon their lengths and
four de control arms. The measured RF phase characteristics separations. This eventually will offer the built-in biases for the
are shown in Fig. 10. Almost identical characteristics having required optical phase shifts, removing the need for the quadra-
the phase shift of 3600 were observed for all output ports. It ture dc biases of V,/ 2 and VBaI. Test devices of these MMI cou-
can be also seen from Fig. 10 that, at a given time frame, this plers were fabricated and measured. They showed the capability
arrangement results in the same effect generated by four dif- to provide the desired phases at two output ports. Therefore,
ferent voltages and consequently introduces the independent these MMI integrated photonic RF phase shifters are expected
phase shifts at four output ports. In addition, the independent to allow the simpler operation requiring only an RF feeding and
control of the RF phase was also demonstrated by applying the control dc biases.
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Reduction of Fiber Chromatic Dispersion Effects
in Fiber-Wireless and Photonic Time-Stretching

System Using Polymer Modulators
Jeehoon Han, Student Member, IEEE, Byoung-Joon Seo, Student Member, IEEE, Yan Han, Bahram Jalali, and

Harold R. Fetterman, Fellow, IEEE, Fellow, OSA

Abstract-We have investigated the general characteristics of dispersion effects limit the actual bandwidth of PTS system
the power penalty due to the fiber chromatic dispersion effects in [4]-[6]. We describe the general theory and present for the first
both fiber-wireless and photonic time-stretching systems. Two dif- time the experimental demonstration of PTS system associated
ferent modulation schemes have been demonstrated to reduce this
penalty using our novel polymer modulators incorporating a multi- with various modulation conditions including SSB modulation.
mode interference (MMI) structure. A single-sideband (SSB) mod-
ulator configuration has almost completely eliminated this penalty II. POWER PENALTY IN FIBER-WIRELESS SYSTEM
without a bandwidth limit. A double-sideband (DSB) modulator
configuration with an appropriate quadrature bias has also shown The basic structure for these MZMs is shown in Fig. 1 repre-
significant improvement in bandwidth limitations for a given fiber senting all possible modulation schemes and biases. If the input
link length. optical signal at S2 is Ein(t) = eatt with unit magnitude, the

Index Terms-Fiber-wireless systems, photonic time-stretching, generalized expression for output optical field from MZM mod-
polymer modulators, power penalty, single-sideband modulation. ulated at Wm is given by

I. E(t) = 1 ei~t eiAl COS(Wmt+O) + eiA2 COS(Wt)+ib (1)1. INTRODUCTION2

N FIBER-WIRELESS systems, the radio frequency (RF) where Ai = 7rVi/V, is the modulation depth at i arm, Ob =
signals are generated at the central exchange using optical 7rVb/V• is the optical phase shift controlled by dc bias, V,• is the

techniques and transmitted to the remote base stations over op- half-wave voltage. When this signal travels through the standard
tical fiber links. The simplest and best technique to modulate fiber with length of L, the resulting optical field can be written in
optical fields with RF signals is an intensity modulation scheme terms of three frequency components, S2, 2 - wm and S2 + w,,,
via Mach-Zehnder modulators (MZMs) with continuous-wave with different phase changes due to the chromatic dispersion
(CW) lasers. Using the conventional DSB modulation scheme,
the RF power detected at the base station suffers from a pe- E(t, L) -1 [J0(A1) + Jo(A2)e'Wb] effte-i•n
riodic degradation due to the fiber chromatic dispersion. As 2 [ i) + J l(A) eeiP
the RF frequency or fiber-link distance increases, this effect + i [JI(Ao)e-i°+ Ji(A 2 )e•°b]
is even more severe and limits the system performance. This x ei(O..)e-•a-m
detrimental effect can be mitigated using alternative modula- + i [J (Al0 + JI(A2)e q
tion schemes [1]-[3]. In this paper, we derive more specific and
standard expressions and confirmed them by experiments using x e } (2)
standard MZM designs. This examination of the power penalty
in CW applications can be also utilized for the appropriate and where Jo(Al), Jo(A 2), J1 (A 1 ), Jl(A 2) are the Bessel func-
clear understanding of those in pulsed applications. tion values and A is assumed to be small. Each phase change

Photonic time-stretching (PTS) utilizes optical systems to en- can be specified by usual Taylor expansion of the propagation
able high-speed analog-to-digital conversion (ADC) of RF sig- constants 3(w)
nals at otherwise inaccessible high frequencies. By exploiting
chirped optical pulses and chromatic dispersion in standard op- CPD =/3(ft)L

tical fibers, high-frequency RF signals can be stretched in time, ... =3()L - /3'(fl)Lwm + 1-/(Q)Lwr2
without distortion, to lower frequency regimes where conven- 2
tional electronic ADCs are able to digitize with high resolution. + = 3()L + 3'()Lw + 1- 3"((3)L)W2
However, as in CW applications, the inherent fiber chromatic 2

where group velocity dispersion in standard fibers is defined by
Manuscript received October 11, 2002; revised February 27, 2003. This work D\ = 127rc3"/Ao 21 = 17 ps/km • nm.

was supported in part by AFOSR and DARPA. At the photodiode, the RF signal at modulation frequency is
The authors are with the Electrical Engineering Department, University of

California, Los Angeles, CA 90095 USA (e-mail: hoon@ ee.ucla.edu). produced as a result of interference among these components.
Digital Object Identifier 10.1 109/JLT.2003.812155 Normally the detected RF power is associated with their phase

0733-8724/03$17.00 © 2003 IEEE



HAN et al.: REDUCTION OF FIBER CHROMATIC DISPERSION EFFECTS 1505

10

e... f7 .... ,.--..- ---..- ........... .--.

g 10 \ "/ S,, ..

-20-

Fig. 1. The general schematic for MZM structure representing all possible
modulation schemes and bias conditions. > .30 '.

relationship, which consequently is a strong function of the dis- I P, sin ll
persion parameter, fiber length and modulation frequency as can -eo-

be seen in (3). In the following sections, it will be shown that it Sinj -Arm DP Sinde-Arm

also could be significantly affected by modulation schemes and -50. 1 1 ,
bias conditions. 0 3 6 9 12 15 1i

Modulation Frequency (GHz)
A. Push-Pull DSB Modulation (Al = A2 = A, =Fig. 2. Power penalty as a function of modulation frequencies in CW system

Both arms are driven by RF signals with equal power and with different modulation schemes and quadrature biases for length of 23 km.

out of phase by 7r. One arm is biased either at V+b or V-b cor-
responding to the quadrature bias voltages on the positive or Similar to the previous push-pull operation case, the detected
negative slope of the MZM transfer function such that O+b = RF power is varying with the cosine function (first cosine term)
7rV+b/V- = 7r/2, 0.-b = 7rV-b/V, = -7r/2 with respect to due to the same effect. However, in this case, this modulation
the other arm. This is so called push-pull operation and the op- scheme introduces the additional phase difference between the
tical field from the MZM can be expressed by carrier and each sideband at the MZM, which influences the de-

1 -'A cos(wt) ±tected RF power. As shown in (7), the first cosine term is shifted
E(t) = e - iei COS(Wmt)} (4) by ±7r/4 when the signs correspond to quadrature bias voltages,

V±b. This indicates that the power nulls for the two different
The resulting intensity at the modulation frequency after prop- quadrature biases appear at different modulation frequencies (or
agating through fiber of length L is fiber lengths). The DSB modulation driven in this fashion can

0 Iw,!w increase the bandwidth for a given fiber link length or vice versa.
I,,-(t) xc Jo o cos(wmt - 3'Lwom). (5) Fig. 2 shows the theoretical graph for the power penalty as aJ, C os 2 ) function of modulation frequencies resulting from the two DSB

An optical carrier and two sidebands generated by DSB mod- modulation schemes discussed above. Push-pull operation has
ulation experience different phase shifts along the fiber and re- only one power null while single-arm operation has two de-
sult in a relative phase difference between the carrier and each pending on the quadrature bias points as shown in Fig. 2. It can
sideband. Due to this effect, the RF power detected at the mod- be also seen that single-arm operation biased at V-b provides
ulation frequency is not constant but varies with their phase re- enhanced bandwidth compared to other two moulation schemes.
lationship, which is dependent on dispersion parameter, fiber On the other hand, even though the same modulation scheme is
length, and modulation frequency. This power penalty is repre- applied, the bandwidth is degraded by a factor of V'r when bi-
sented by the first cosine term in (5). Since, in this case, both RF ased at V+b.
arms are balanced, there is no initial phase difference between
carrier and each sideband at the MZM so that the power varia- C. SSB Modulation (A 1 = A 2 = A, 0 = ±7r/2)

tion appears in the form of cos((Q3"Lwm 2)/2)for both quadra- When the both arms are modulated but the RF phase differ-
ture biases. ence on the two arms is ±7r/2, with quadrature bias voltage V~b,

the optical field from the MZM becomes
B. Single-Arm DSB Modulation (A1 = 0, A 2 = A) 1

When only one of arms is modulated and biased at Vlb, the E(t) = 2eiQt {eFiain(w"±) + s . (8)
optical field from the MZM can be expressed by

The resulting intensity at wm after propagating through fiber L
E(t) = ýe { ± ie (6) is

The resulting intensity at wm after propagating through fiber of I,,- (t) 0C Jo 1 sin wmt - 13'Lwm - •). (9)
length L is The SSB modulation cancels out one of the sidebands and

t(3"Lwm 2  
7r) generates only one sideband with a carrier. As a consequence,

I"" (t) 0C JoJ, Cos 2 4 COS(Wmt - /3'Lwm). it is seen in (9) that the first cosine term associated with the

(7) power penalty disappears so that detected RF power is constant.
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Fig. 4. MZMs incorporating MMI couplers and devices fabricated with
Fig. 3. Theoretical power penalty in PTS system with various modulation polymer material, CPW1/APC.
schemes and quadrature biases for M = 10.

severe for push-pull operation or single-arm operation biased at
Ideally, the RF signal generated by SSB modulation does not

suffer from bandwidth or fiber link length limitations with V+h in this modulation frequency range.

either quadrature bias (see Fig. 2). IV. DEVICE FABRICATION AND EXPERIMENTAL SETUP

III. POWER PENALTY IN TIME-STRETCHING SYSTEM The SSB MZM structure in Fig. 4 was fabricated using
the recently developed polymer materials (CPW1/APC) and

PTS systems exploit the group velocity dispersion to tem- advanced polymer fabrication technologies. This guest-host
porally expand a pulse while preserving its envelope shape system exhibits a high EO coefficient, low material loss at
which has information. The details of this theory are described 1.55 pim, and wideband frequency response over 100 GHz
in [4]-[6]. Instead of the plane waveform in the CW case, a [7]. The single mode (SM) ridge optical waveguides were
transform limited Gaussian pulse is assumed such as fabricated using the new inverted rib structures [8]. The key

Pt2 \ benefit of these inverted rib structures is that it can eliminate
Esourc.(t) = exp "- ) exp(i2t). (10) the damage problem on the core layer by the photoresist sol-S=2vents when the waveguides are defined in the core layer. This

Then, the same principle as in the CW system is applied to the ultimately resulted in much simpler fabrication procedure and
PTS system so that the resulting intensity at wm for each mod- lower propagation losses. Also the SM waveguide structures
ulation scheme is were designed to provide the symmetric mode shape with a

/n 22 rib depth of 0.8 pim and waveguide width of 4 jim. A large
Im(t) cx cos( •L2  ):push-pull DSB with V±b (11) optical nonlinearity in the core region was achieved through

S2M_ ~electrode poling. The microstrip lines were vertically aligned
I•(t) oc cos(/"L2WM 2  : single-arm DSB with Vrb (12) to the optical waveguides in the interaction regions to provide

S2M 4) sginherent velocity match of RF signal and optical signal.
Ir (t) = const : SSB with V±b (13) In order to reduce the complexity and bias drift from applying

additional DC bias, instead of using a normal Y-junction split-
where a stretching factor M = 1 + (L 2 /L 1 ). ting structure, an asymmetrical 1 -by-2 MMI coupler was used in

Fig. 3 shows the theoretical graph for the power penalty as a front of the SSB modulator. This structure was intended to offer
function of modulation frequencies in a PTS system with M = the built-in bias with the equal power and required optical phase
10. In the SSB modulation, the cosine term associated with shifts of ir/2 for two arms. The measured excess loss due to the
power penalty disappears so that detected RF power is constant MMI was less than 1 dB and power difference at two outputs
and does not suffer from bandwidth or fiber link length limita- was less than 0.1 dB, which corresponds to the phase difference
tions with either quadrature bias. As in the CW case, push-pull less than 10.
operation has only one power null while single-arm operation Fig. 5 shows the experimental setup for the PTS system (and
has two depending on the quadrature bias points. For example, CW system). The optical source is a passively mode-locked
when the PTS system incorporates either SSB modulation or Er 3+ fiber pulse laser with a 40 nm bandwidth at 1.55 pim and
single-arm DSB modulation biased at V-b, RF signals of up a 40 MHz repetition rate (1.55 Aim Er3+ fiber CW laser for
to 40 GHz (which is attainable by current technology) can be CW system). Both fiber spools L1 and L2 are standard SMF
stretched out up to 4 GHz with M = 10 without suffering from (L 1 = 0, L2 = 23 km for CW system). The dispersed input op-
the power penalty. On the other hand, the power degradation is tical signal from Li is modulated at MZM by a 20 GHz sweep
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_0 Lo w v S VL Fig. 7. Measured power penalty in CW system for various modulation
S-50 (Biased atV.) schemes and quadrature biases (L = 23 km).

-60 the quadrature bias points. The bandwidth, when biased at V-b,
S. .2 .. .8 has been increased by an amount of v/3 compared to the other

1549.0 . 1549. . 1. quadrature bias point as can be seen in (7). The measured power

•- nulls corresponding to V+b and V-b appear at 8.6 GHz and 15.6

S-40 Upper Sideband GHz, respectively, slightly deviates from the expected values(Bisedt~b from (7) by approximately 0.5 GHz. This can be caused by fac-
-50- tors such as an uneven splitting ratio, the modulation depth and

-LI0- ,small deviations from the quadrature bias points. These factors
__60_ __ _ _ _ __ _ _ _ cause a small change in the initial phase which can slightly move

1549.0 1549.2 15.4 1549.6 1549.8 the positions of the power nulls. The theoretical plot in Fig. 7 is
Wavelength (nm) calculated assuming a splitting ratio of 1, a negligible modula-

tion depth (J 0 = 1) and a deviation from the quadrature bias ofFig. 6. Measured optical output SSB spectrums on OSA at a modulation 0.3 V.
frequency of 18 Gl~z. 03V

B. Measurement in PTS Systemoscillator and amplified in an EDFA before entering L2. The B esrmn nPSSse

stretched output from L 2 spool is detected by a photodiode and In our PTS measurement, the RF signal of up to 18 GHz was
amplified by a RF amplifier. To exclude the frequency response stretched out to 8.6 GHz (M = 2.1). At each modulation fre-

of the MZM, the difference of the RF power before and after L 2  quency, the center of the shifted RF spectrum is observed on
is measured by two RF spectrum analyzers. the spectrum analyzer. Fig. 8 shows the measured output RF

frequencies as a function of modulation frequencies with fiber

V. EXPERIMENTAL RESULTS spools, L1 = 13.5 km and L 2 = 15 km, which is in good
agreement with the theoretical value for all modulation schemes

A. Measurement in CW System and bias conditions. A low M factor of 2.1 was intentionally

The SSB modulation at 18 GHz with a CW laser was first used in our experiment to be able to see the first power nulls re-
confirmed on the optical spectrum analyzer (OSA) at both suiting from the DSB modulation biased at V±b below 20 GHz
quadrature bias voltages V±b to ensure the performance of frequency range. Since the frequency values at power nulls are
our SSB modulators (Fig. 6). The upper sideband spectrum is proportional to v/-M_, the first power nulls for the M greater than
corresponding to the quadrature bias at V-b, and lower upper 2 appear far beyond this frequency range.
sideband spectrum is corresponding to the quadrature bias at The measured RF power penalties as a function of modulation
V+b. frequency for the various modulation conditions are shown in

Fig. 7 shows the measured power penalty for the various mod- Fig. 9. Also shown in Fig. 9 are the theoretical power penalties
ulation schemes and two quadrature bias points when the fiber including the effects described in the CW case such as a splitting
length is 23 km. For the SSB modulation, the power nulls have ratio of 0.95, a negligible modulation depth (Jo = 1) and a
not been observed for the entire frequency range at both quadra- deviation from the quadrature bias of 1.3 V. The deviation from
ture bias points. On the other hand, the DSB modulation driven the original theoretical plot without considering these effects is
by single-arm operation has different power nulls depending on about 2.5 GHz.
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between peaks corresponds to the repetition rate of the mode-locked laser.

VI. CONCLUSION

10- In both fiber wireless and photonic time-stretching system,

0.. .Ž... .... the power penalty due to the fiber chromatic dispersion effects
. ,- Z".*-' - ---- is undesirable and limits the system performance. We have

-O demonstrated techniques to reduce this power penalty using
,5 /20° both polymer-based SSB and DSB modulators. The limit on

-3e0 the modulation frequency due to this penalty can be almost

* completely eliminated with the SSB modulation without a
-4o0 bandwidth limitation and also can be significantly improved
- Theory Expetment with the DSB modulation by using an alternative quadrature
-50S ............... DSB () bias point. These results indicate that SSB modulation or
S-60 - - (V-b) * DSB (Vy) appropriately biased DSB modulation can have important roles

. .. SSB (V) v SSB (V.,) in both CW and pulsed applications.
-70. SSB (V\.b) SSB (\b)
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Photo-bleaching induced electro-optic and not an isomerisation reaction [15]. Therefore, the unexposed region

polymer modulators with dual driving remains as a core layer and the exposed region is changed into a

electrodes operating at cladding, providing optical confinement in the lateral direction.

1.55 Itm wavelength 1.59-

SeongKu Kim, K. Geary, H.R. Fetterman, C. Zhang,

C. Wang and WH. Steier 1.58- 1.52717+0.05553e(_X/2.61093)

Electro-optic (EO) polymeric Mach-Zehnder (MZ) modulators with 1.
photo-bleaching (PB) induced waveguides and dual driving electrodes n 1.57m-et
operating at 1.55 pm wavelength have been demonstrated. The half- [ - for TM polarisation
wave voltage of the integrated polymeric modulator was 4.5 V in a 9 1.56-
push-pull configuration with a 1.5 cm interaction length. The extinc- ._
tion ratio was greater than 20 dB, and the fibre-to-fibre insertion loss . "
was 8 dB for the TM polarisation. The achieved fibre-to-fibre insertion • 1.55-
loss and driving voltage are the best, to the authors knowledge, in the al
reported PB induced MZ EO polymeric modulators.t

1.54-

Introduction: Photo-bleaching (PB) is an attractive method for fabri-
cating optical waveguides in polymeric material. The main advantages 1.53
of the method include the ease of high quality optical waveguide
fabrication and the ability to precisely tailor the index [1, 2]. So far, 4 ,
several passive and active devices using the PB-induced optical bleaching time, hour
waveguide have been reported such as polarisers [3, 4], and modu-
lators [5-7]. In regard to modulators developed by the PB technique, Fig. 2 Changes in EO polymer refractive indices, APC-CPW1, at
there have been limited results. In addition, the best performance [7] A= 1.55 pm against PB time
had a driving voltage of 9 V and fibre-to-fibre insertion loss of
13.2 dB at 1.3 pm wavelength, which are too high for today's photo- For the fabrication of the PB-induced optical modulator, a 11 wt.%
nic device applications. On the other hand, a reduced driving voltage
of 4.5 V at 1.3 lpm wavelength was reported in [6], but the fibre- solution of CPW1 was filtered via a 0.2 pm filter and spin-coated on a

to-fibre insertion loss and the extinction ratio were not mentioned 2.5 pm thick UV-15LV coated Si wafer substrate. Then an upper

clearly. To the best of our knowledge, no study on lowering the cladding of UFC-170A was spin-coated -2.5 pum. After that, the

driving voltage and fibre-to-fibre insertion loss of the PB induced poling was performed at 1501C with 500V applied voltage in a
optical modulators has been performed, particularly operating at nitrogen-purged box. Then PB was performed for time periods ranging
1.55 mdm wavelengtha from 0 to 6 hours. Finally, the electrodes were electro-plated, increasing

1.55pm wvelegththe electrode thickness to --3 pim.
In this Letter, polymeric electro-optic (EO) Mach-Zehnder (MZ)

optical modulators employing PB induced waveguides in the EO
polymer material 'APC-CPW 1', [8-1 ] are demonstrated for the first
time.

Experiments and results: A schematic view of the fabricated optical
modulator is given in Fig. 1. The dual driving electrode design of a
MZ optical modulator inherently offers the capability to adjust the '

phase of the voltages on the electrodes, which produces zero-chirp
modulation operation [12.141.

dual driving electrode
photo-

bleaching
induced

wavegude

driving Fig. 3 Top view of poling induced area and PB induced waveguides at
electric field near MZ waveguide section

MZ waveguide bottom electrode Optical MZ waveguide is 4 pm wide and 2.4 cm long

a b
A photograph of the device surface near the Y-branch of two MZ

Fig. 1 Schematic diagram of integrated PB induced EO polymer modu- waveguides is shown in Fig. 3. Two MZ waveguides were formed along
lator with dual driving electrde with 3, 4, and 5 pim wide waveguides. Only the selected MZ waveguide
a Top view (in the middle) underwent the high-voltage poling and then the PB
b Cross-sectional view procedure. After performing a 1 hour PB, the refractive index of both

polarisations is decreased by -0.016 as estimated in Fig. 2, resulting in
Our devices are made using the EO polymer APC-CPW1 (also an optical waveguide that supports both a TE and TM mode. The poling

known as APC-CLD1), a phenyltetraene bridged high-pfi guest chro- current was monitored to identify the induced poling current behaviour
mophore in an amorphous polycarbonate host. The material's refractive during the poling process. Previously, the poling current was set to be
index changes as a result of UV light irradiation at room temperature. less than 300 nA maximum [I1] to prevent possible poling-induced
The amount of change is a predictable function of exposure time. Using optical loss. In reality, how the magnitude of the poling induced current
a 8 mW/cm2 intensity light from Mask Aligner (Karl Suss MA6, USA), affects the poling induced loss is not clear due to fabrication factors,
the change of the refractive index against exposure time is shown in such as the unifonmity of the guiding and cladding films introduced by
Fig. 2 for TM polarisation at 1.55 lpm wavelength. We have observed a various processing steps [16]. However, a peak current of less than
large refractive index decrease with increasing bleaching time in TM -5 pA in our study was observed. To identify the poling induced
polarisation (also, in TE polarisation). As a result, it was confirmed that optical loss, we have measured the insertion loss of the unpoled and
the predominant PB mechanism in our EO material, APC-CPW, is poled waveguides that were located adjacent to the MZ waveguide on
photochemical decomposition (photoreduction) of the chromophore the same device. As a result, there was no noticeable increase in optical
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propagation loss. The near-field profile at the output end of the 4 tm W.H. Steier (Department of Electrical Engineering, University of
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It was confirmed that the fabricated optical waveguides support only a
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